Antibodies (Abs) specific for the V3 loop of the HIV-1 gp120 envelope neutralize most tier 1 and many tier 2 viruses and are present in essentially all HIV-infected individuals as well as immunized humans and animals. Vaccine-induced V3 Abs are associated with reduced HIV infection rates in humans and affect the nature of transmitted viruses in infected vaccinees, despite the fact that V3 is often occluded in the envelope trimer. Here, we link structural and experimental data showing how conformational alterations of the envelope trimer render viruses exceptionally sensitive to V3 Abs. The experiments interrogated the neutralization sensitivity of pseudoviruses with single amino acid mutations in various regions of gp120 that were predicted to alter packing of the V3 loop in the Env trimer. The results indicate that the V3 loop is metastable in the envelope trimer on the virion surface, flickering between states in which V3 is either occluded or available for binding to chemokine receptors (leading to infection) and to V3 Abs (leading to virus neutralization). The spring-loaded V3 in the envelope trimer is easily released by disruption of the stability of the V3 pocket in the unliganded trimer or disruption of favorable V3/pocket interactions. Formation of the V3 pocket requires appropriate positioning of the V1V2 domain, which is, in turn, dependent on the conformation of the bridging sheet and on the stability of the V1V2 B-C strand-connecting loop.
T wo regions of the human immunodeficiency virus type 1 (HIV-1) gp120 envelope need to engage with cell surface proteins in order to initiate infection: the CD4 binding site (CD4bs) and the chemokine receptor binding site. The latter consists of regions in the V3 loop and the bridging sheet, which includes the ␤20 and ␤21 strands of C4 and the ␤2 and ␤3 strands of the V1V2 stem (1) (2) (3) (4) (5) (6) (7) (8) . Some strains of HIV have evolved to be independent of CD4 usage (9, 10) , but virus binding to chemokine receptors is essential for infectivity, as demonstrated by the fact that deletion of the V3 region of gp120 completely abrogates infectivity (11) . Indeed, the critical functional role of V3 was first described more than 2 decades ago when it was recognized that specific amino acids in V3 determine viral tropism (12, 13) .
While the V3 loop plays this essential role in the infectivity of the virus, it is also the target of antibodies (Abs) that are made by essentially all HIV-infected individuals (14) (15) (16) and are easily induced by most candidate HIV vaccines (16) (17) (18) (19) (20) (21) . When V3 is accessible on the surface of the virion, V3-specific Abs efficiently neutralize the virus; this is exemplified by the cross-clade neutralization demonstrated with many tier 1 and some tier 2 viruses (22, 23) . While V3 on the unliganded trimer is accessible to some V3 Abs (24) , much of V3 is occluded within the unliganded trimeric envelope spike (25) (26) (27) . The partial and transient nature of the exposure of V3 epitopes on the trimeric envelope spike clarifies much of the controversial data in the literature concerning the neutralizing activity of V3 Abs. As noted, these Abs have been shown to neutralize tier 1 viruses potently but were thought to neutralize most primary isolates poorly or not at all (22, 28) . However, recently, it has been shown that V3 Abs (i) can neutralize tier 2 and 3 viruses if Ab and virus are coincubated for 4 to 24 h (23), (ii) play an in vivo role in constraining the native Env trimer to a neutralization-resistant phenotype (29) , (iii) correlate with reduced infection of infants born to HIV-infected mothers (30) , (iv) correlate with a reduced rate of infection in human vaccinees (31) (32) (33) , and (v) exert immune pressure, reflected in the sequence of the viruses transmitted to vaccinees in the RV144 human vaccine trial (17, 18) .
The V3 loop was originally described to be the principal neutralizing domain (34, 35) , but data quickly indicated that the neutralizing potency of V3 Abs was highly dependent on the virus being tested, the epitope specificity of the V3 Ab, and the assay being used (36) . The recent literature shows that, for survival of most viral isolates, the V3 loop is protected from the antiviral effects of V3 Abs; however, transition from its partially occluded state to an accessible state occurs as a result of both the conformational plasticity of the envelope and its ligation to CD4. Thus, gp120, like most proteins, is not conformationally fixed but flickers between various energy states even when unbound to ligands; similarly, the V3 region of gp120 flickers between occlusion and accessibility. The conformational dynamics are also characteristic of the envelope trimer on the surface of virions, even when unliganded (37, 38) , and many anti-V3 monoclonal antibodies (MAbs) bind to the unliganded SOSIP (24, 39, 40) . Additional recent data indicate that V3 functions as part of the trimer-associating domain while residing in a pocket bounded by the V1V2 loop and the V1V2 stem of the gp120 core of the same protomer and by the V1V2 stem of the neighboring protomer (Fig. 1a) (24, 41) .
Here, we provide a systematic interrogation of several mechanisms by which single amino acid changes in gp120 render viruses sensitive to neutralization, a demonstration that individual mutations in various regions of the envelope trimer result in altered packing of the V3 loop, and data showing that individual mutations in various regions of gp120 activate an open conformation that exposes V3 to the effects of V3 Abs. Thus, we link data on the molecular interactions that release V3 from its pocket in the unliganded trimer on virions with experimental data showing how these structural alterations render viruses exceptionally sensitive to V3 Abs. Only one of the many mutations that hold V3 in its partially occluded state is sufficient to release it. The data reveal that the envelope trimer uses several methods to maintain V3 in a state that is resistant to V3 Abs but that minor disruptions allow the exposure of V3 with subsequent susceptibility to neutralization by V3 Abs.
MATERIALS AND METHODS
Envelope clones and site-directed mutagenesis. The following envelope clones and their corresponding A204E mutant proteins were described previously (42) (43) (44) Point mutations were introduced into the gp120 region of plasmid pCAGGS_JR-FL.JB gp160 (kindly supplied by John Mascola) and into gp160 of HIV-1 YU2 using a QuikChange II XL or QuikChange Lightning Multi site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) ac-
FIG 1
The V3 loop in the context of the gp120 trimer. (a) Overview of the V3 loop environment. The crown of the V3 hairpin (stick representation) is docked in a pocket formed by the V1V2 loop from the same protomer (green), the gp120 core with its V1V2 stem from the same protomer (magenta), as well as the V1V2 stem from the adjacent gp120 protomer (V1V2=; orange). (b to d) Close-ups of the interactions between the V3 crown and other domains. The residues indicated by arrows were mutated in the studies described here and are denoted by space-filling transparent spheres. The structures are reoriented as appropriate to best depict the key features of the respective interfaces. (b) Residue N197 in the ␤3 strand of the V1V2= stem (indicated by an arrow) in the adjacent protomer interacts with V3. The first N-acetylglucosamine residue of the glycan is also visible and is marked N197gl. Residues F159 and M161 (indicated by arrows) interact with V1V2 of the same protomer (c), and residue L125 in the V1V2 stem in the gp120 core (indicated by an arrow) interacts with the V3 of the same protomer (d). Images were generated from the structure with PDB accession number 4TVP (24) .
cording to the manufacturer's instructions. All mutant gp160 constructs were sequenced completely to confirm the correct amino acid change.
Pseudovirus production. The clade A, C, and D pseudoviruses were generated by cotransfecting 293T cells with 0.5 g of each envelope clone with 1.0 g of an env-deficient subtype A proviral plasmid (Q23⌬env) (45) . 293T cells (4 ϫ 10 4 ) were plated into the wells of a six-well dish at ϳ24 h prior to transfection in complete Dulbecco modified Eagle medium (DMEM). For each transfection, plasmid DNA was mixed with 6 l of the Fugene 6 transfection reagent (Roche). Pseudoviruses were harvested at 48 h posttransfection. Supernatants were spun at 1,200 ϫ g for 5 min at room temperature to remove the cell debris, and aliquots of the pseudovirus stocks were stored at Ϫ80°C. The viral titer of each transfection supernatant was determined by infecting TZM.bl cells and counting the number of blue cells at 48 h postinfection after staining for ␤-galactosidase activity (46) . For the JR-FL.JB (referred to here as JR-FL) wild type (WT) and mutants, the pCAGGS_JR-FL.JB plasmid was used to cotransfect 293T cells with a ⌬env backbone plasmid, pSG3⌬env (from the NIH AIDS Research and Reference Reagent Program), at optimal backbone/ envelope ratios, usually 3:1, using the Fugene HD reagent according to the manufacturer's protocol. After 48 to 72 h, supernatants containing the secreted mutant or WT pseudoviruses were harvested, filtered, aliquoted, and stored at Ϫ80°C. All pseudoviruses were titrated prior to use (47) .
Neutralization assays. Neutralization was measured as a function of the reduction in luciferase or ␤-galactosidase activity after a single round of virus infection in TZM.bl cells, as described previously (47) . TZM.bl cells were obtained through the NIH AIDS Research and Reference Reagent Program. Briefly, either ϳ500 infectious pseudoviral particles in 25 l of complete DMEM or the equivalent of 100 to 200 50% tissue culture infective doses (TCID 50 ) of each pseudovirus were incubated with 10-fold serial dilutions of each MAb or CD4IgG2 (Progenics Pharmaceuticals, Inc., Tarrytown, NY) for 60 min at 37°C. A total of 1 ϫ 10 4 TZM.bl cells in 100 l of complete DMEM were added to each dilution in the presence of DEAE-dextran at a final concentration of 10 to 12 g/ml. Each MAb or CD4IgG2 was tested at a starting concentration of 50 g/ml. At 48 h postinfection, neutralization was measured by determination of either ␤-galactosidase activity with a Galacto-Lite system (Applied Biosystems) or luminescence with Bright-Glo substrate solution (Promega, Madison, WI). The 50% inhibitory concentration (IC 50 ) was determined to be the concentration of MAb or CD4IgG2 at which 50% of the pseudovirus input was neutralized, as previously described (46) . The IC 50 s reported represent the averages from at least two independent experiments, each of which was performed in triplicate.
Human monoclonal antibodies. The glycan-independent V3 MAbs specific for the crown of the V3 loop that were used in this study included 10-188 (48), 1-79 (48) , 447 (49) , 2219 (50), 2557 (51), 3074 (52), 3869 (53) , and 2424 (51) . The breadth and potency of neutralization by these MAbs have been published previously (22, 23, 52) . The negative-control human MAb used, MAb 1418, is specific for parvovirus B19 (54) , and the positive-control fusion protein used was CD4IgG2.
Flexible loop simulations. Simulations of the V3 stem-crown and of the B-C strand-connecting loop in the V1V2 domain were performed in Internal Coordinate Mechanics (ICM) (Molsoft, San Diego, CA). The X-ray structure of the cleaved, stabilized, soluble Env trimer (termed BG505 SOSIP.664 gp140) in complex with a potent broadly neutralizing antibody, PGT122 (PDB accession number 4TVP), was used as a starting point (24) .
For the V3 stem-crown region, residues 301 through 326 were allowed to flex during Monte Carlo sampling (2 ϫ 10 7 energy evaluations). Five hundred lowest-energy conformations were derived from 300 simulations with and without the Man9 glycan attached to N301. Conformational stacks (ensembles) were accumulated with a vicinity parameter of 20 degrees (i.e., with representative lowest-energy conformers separated by at least a 20-degree angular root mean square deviation [RMSD] for backbone phi/psi angles) and combined across all runs. The resulting ensemble was used to derive a distribution (a histogram with 3-Å bins) of backbone RMSDs from the original in-pocket conformation of V3 observed in the trimer X-ray structure. The standard error of bin frequencies was estimated according to Poisson statistics, i.e., as a square root of frequency.
For the B-C strand-connecting loop in the V1V2 domain, residues ϳ160 through 171 (the region between the C and N termini of the B and C strands, respectively) were allowed to flex during Monte Carlo sampling (10 6 energy evaluations). Simulations were performed with and without the glycan attached to N160. For the simulations with the full Man9 glycan, a structure in which only the first two N-acetylglucosamine monosaccharides of the glycan chain are resolved in the experimental structure was built. The 10 lowest-energy conformations generated with and without N160 glycan were further analyzed.
RESULTS
Recent crystallographic data for the trimeric Env ectodomain showed that the V3 loop is docked in a pocket formed by the V1V2 domain of its own protomer (intraprotomer interaction), the V1V2 stem in the gp120 core of its own protomer (intraprotomer interaction), and the stem of V1V2 in the adjacent gp120 protomer (interprotomer interaction) (24) (Fig. 1a) . In the trimer, the V3 crown occurs in a conformation similar to that in which it is bound by V3-specific MAbs, in which the V3 loop is held in the Ab-combining site like that of an infant in a cradle (55, 56) . Destabilization of the V3 interactions with the pocket or other structural changes that disrupt the pocket could release the V3 loop, making it accessible to binding by V3 Abs.
To investigate the underlying mechanisms by which V3 is held in and released from its pocket, experiments in which single amino acid mutations were made in gp120 of several WT pseudoviruses were designed. Mutations were selected to elucidate the various interactions that hold V3 in its pocket and the perturbations that release it. An overview of the mutations made and their positions in gp120 are shown in Fig. 2 .
Disruption of quaternary interprotomer interactions. Various studies have shown that different regions of the gp120 protomers in the Env spike contribute to the stability of the trimeric form (24) (25) (26) 40) . For example, Fig. 1c and d show intraprotomer interactions, e.g., interactions of V1V2 and V3 from the same protomer, and Fig. 1b shows interprotomer quaternary interactions, e.g., the interaction of the V1V2 stem from one protomer with the V3 of its neighboring protomer. In order to determine the effect of these interactions on the conformation of V3, we first examined the interactions between the V3 tip and the V1V2 stem in the neighboring protomer (Fig. 1b) . This interface on the V1V2 side mostly involves backbone or highly conserved side chain atoms, but position 197 is variable. Previous studies suggested that replacement of the asparagine at 197 with glutamine (N197Q) in the lab-adapted, dual-tropic strain 89.6 removes a putative glycan motif often found at this position in the ␤3 strand of the V1V2 stem; this resulted in the increased sensitivity of the mutant pseudovirus to V3 MAb 447 (57) . Subsequent studies showed that mutation of primary isolates that carry a glycan motif [NX(S/T)] at positions 197 to 199 by replacing the amino acid at position 197 or 199, i.e., N197H or S199P, resulted in increased sensitivity to CD4IgG, heterologous pooled plasma, and MAbs targeting the CD4bs, CD4i, V2, the quaternary neutralizing epitope of PG9, and the MPER epitope in gp41 (58) (59) (60) (61) . Notably, however, JR-FL has an aspartate at position 197 (D197), abrogating the glycan motif. Given the relative resistance of JR-FL to V3 MAbs (62), it did not appear that the glycan at this position played a role in the occlusion of the V3 loop. To test this, a JR-FL D197N mutant was made to restore the putative glycosylation site; the infectivities of the D197N mutant and the WT were comparable (27,940 TCID 50 /ml). The presence of aspartate or asparagine at position 197 made no difference in neutralization sensitivity (Fig. 3) , suggesting that the role played by residue 197 in changing the sensitivity of JR-FL to V3 Abs involves the interaction of amino acids rather than the glycan. In contrast, for the D197H mutant (TCID 50 ϭ 27,940/ml), the sensitivity to V3 MAbs increased by more than an order of magnitude. Similar results were achieved with the D197Q mutant (TCID 50 ϭ 12,500/ml), supporting the hypothesis that residue 197 in the V2 loop interacts with the V3 loop from the neighboring gp120 protomer to stabilize it in the pocket that partially occludes its epitopes (Fig. 1b) . Similarly, a profound increase in neutralization sensitivity was caused when the I184G mutation was made and tested (Fig. 3B) . The isoleucine at position 184 appears to contribute to the quaternary interaction of the V1V2 regions of neighboring protomers, suggesting again that quaternary interprotomer interactions contribute to the positioning of the V3 loop.
Disruption of the hydrophobic core of the bridging sheet. The bridging sheet of gp120 consists of four ␤ strands: the N-terminal ␤ strand of V1 (␤2) and the C-terminal ␤ strand of V2 (␤3), the V1V2 stem, and the ␤20 and ␤21 strands of C4. The bridging sheet is an antiparallel ␤ sheet in the monomer but assumes a mixed parallel/antiparallel conformation in the SOSIP trimer (63) . As shown in Fig. 4 , the V2 stem residue A204 and the C4 residues M424 and I434 form a buried hydrophobic core in the mixed ␤ sheet of the SOSIP trimer (24) . Notably, in the antiparallel ␤-sheet conformation in the monomer, the three residues separate and two of the side chains become exposed (Fig. 4) . Thus, disruption of this core would be expected to alter the packing of the V1V2 stem and/or to shift the equilibrium toward the antiparallel configuration of the bridging sheet observed in the monomeric gp120 structure, with downstream effects on the V1 and V2 loops as well as their interaction with V3. Indeed, we had previously reported that an I424M mutation found in a clone of a patient isolate rendered the virus highly sensitive to V3 MAbs, and insertion of this mutation into JR-FL, YU2, and RHPA4259.7 also increased the neutralization sensitivity to V3 MAbs (64) . In addition, an A204E mutation was shown to affect recognition by MAbs PG9, PG16, and PGT145, which recognize the V2 quaternary epitope (44) .
To determine the effects of mutation of the other residues of the bridging sheet hydrophobic core on the sensitivity to V3 Abs, we tested the A204E and M434G mutations in the context of several pseudoviruses. The results, shown in Table 1 , indicate the profoundly increased sensitivity of the mutants of the several viruses tested. Both the A204E and M434G mutations increased the sensitivity of JF-FL to all eight V3 MAbs tested by more than 2 orders of magnitude. Six additional pseudoviruses which carried envelopes from clade A, C, or D were tested; each of these WT pseudoviruses were resistant to the eight V3 MAbs when tested at a maximum concentration of 50 g/ml. In contrast, when the latter viruses with the A204E mutation were tested, five of six were rendered sensitive to two or more V3 MAbs, with the IC 50 s ranging from 0.0005 to 16.0 g/ml. Notably, the two viruses that remained resistant to most V3 MAbs had unusual mutations in V3 (Table 2) , which may have altered the epitopes at the crown of V3 which these V3 MAbs recognize.
Disruption of intraprotomer interactions of the V3 crown with adjacent regions of gp120. The V3 crown forms extensive, primarily hydrophobic interactions with adjacent domains within and five variable regions (V1 to V5) of gp120 with the amino acids in each region that were mutated individually in this study. Putative glycosylation sites are shown by the symbols above the bar. (Bottom) A two-dimensional depiction of gp120 with mutated residues shown by stick representation. As negative controls, pseudoviruses carrying the V2 mutation V182Q and the C4 mutation N448Q or T450A were constructed but are not shown here. The image was generated from the structure with PDB accession number 4TVP (24) . each protomer. Examples are shown in Fig. 1c and d . To examine the intraprotomer interaction between the V3 crown and the loop connecting the B and C strands of V2, mutations were made at position 159 or 161 to disrupt the hydrophobic packing of V2 and V3. Figure 1c shows the interactions of the amino acids at these positions (F159 and M161) in the BG505.B1 infant-derived transmitted variant (46) . The F159S and M161Q mutants were each constructed in JR-FL. The effect of these individual mutations on the neutralization sensitivity to V3 MAbs was profound, increasing the sensitivity of all mutants by more than 2 orders of magnitude (Table 3 ). The hydrophobic face of V3 also interacts with the N-terminal strand of the V1V2 stem in the gp120 core of its own protomer ( Fig. 1a and d) . To determine if disruption of V3 interactions in this region would liberate V3, an L125F mutation in the V1V2 stem, which we expected would create a steric clash with the V3 F317 side chain, was made (Fig. 1d) . The L125F mutation resulted in an increase in sensitivity to V3 MAbs by more than 2 orders of magnitude (Table 3) .
Stabilizing role of glycans. The mobility of flexible regions of a glycoprotein may be affected by nearby glycans. We hypothesized that glycans located close to the base of a flexible loop region could restrict the accessible conformational space of the loop because (i) the bulk of a glycan chain sterically excludes a significant portion of the room that otherwise would be available for loop motions and (ii) the requirement for the outward orientation (i.e., an orientation away from the protein body) of the glycan chain at the Pseudoviruses were also tested with positive and negative controls (CD4IgG2 and MAb 1418, respectively). The TZM.bl cell neutralization assay was used as described above; all experiments were performed in triplicate, and data are shown as the average of all data points from two experiments. Color coding uses red for values of Ͻ0.5 g/ml, orange for values of 0.5 to 5.0 g/ml, yellow for values of 5.1 to 25 g/ml, and gray for values of 25 to Ͼ50 g/ml.
point of attachment to the polypeptide locally may restrict loop flexibility since conformations that would make the glycan point toward the protein become prohibited. To test this hypothesis, we performed flexibility simulations for the stem-crown region of V3 and the loop connecting the B and C strands in V2 using as a starting point the X-ray structure of the cleaved, stabilized, soluble Env trimer (BG505 SOSIP.664 gp140) (PDB accession number 4TVP) (24) .
Ensembles of generated V3 conformations were analyzed to determine the populations of exposed and buried states in the presence or absence of the glycan at position N301. As seen in Fig. 5 , while the majority of low-energy conformations for the glycosylated loop (blue bars) had the V3 crown buried (low RMSDs), removal of the N301 glycan (red bars) resulted in a sharp increase in the released configuration of V3 (high RMSDs). This can be observed visually in Fig. 6 , where the proportion of released V3 loops is much larger in the absence of the glycan at N301 (at the N-terminal end of V3) than in its presence. It is also noteworthy The V2 stem residue A204 and C4 residues M434 and I424 form a buried hydrophobic core in the mixed ␤ sheet of the SOSIP trimer (24) . (Right) In contrast, in the structure of the gp120 monomer, there is an antiparallel ␤-sheet conformation and the three residues (A204, M434, and I424) separate, and two of the side chains become exposed (modified from the structure with PDB accession number 4TVP) (24) . Thus, disruption of the trimer core would be expected to alter the packing of the V1V2 stem and/or shift the equilibrium toward the antiparallel configuration of the monomer gp120 bridging sheet structures, with downstream effects on the V1 and V2 loops as well as their interaction with V3.
TABLE 1
Effects of the A204E mutation in the V2 stem and the M434G mutation in C4 on neutralization sensitivity that, even in some of the released conformations, the V3 crown is wedged between N301 and N156 glycans (Fig. 6A) when the N301 glycan is present and therefore is still poorly accessible. The modeling data are supported by the experimental data showing that when N301 was mutated to either aspartate or tyrosine (N301D or N301Y; Table 4 ), large increases in sensitivity to V3 MAbs (greater than 1 order of magnitude) occurred, indicating that the V3 loop became more frequently available for Ab binding. Similarly, when we performed a simulation of conformational fluctuations of the loop connecting the B and C ␤ strands of V2 (residues 160 to 171 in HxB2) with and without the glycan at N160, we found that the amplitude of loop movements became significantly larger when the N160 glycan was removed, as shown in Fig. 7 . In the presence of the N160 glycan (at the N-terminal end of V2), the connecting loop has an average RMSD of 4.1 Å, whereas in the absence of the N160 glycan, the average RMSD of this B-C strand-connecting loop is much larger, 7.2 Å. The greater flexibility of the V2 B-C strand-connecting loop in the absence of N160 would appear to destabilize the V3 binding pocket. When N160K mutants were made, the TCID 50 of the JR.FL N160K mutant was unchanged from that of the WT (27,970/ml for both), but Table 4 shows that the N160K mutants of JR-FL and YU2 were frequently more than 1 order of magnitude more sensitive than the WT to most V3 MAbs tested.
Interestingly, although mutation of the glycosylation motif at N332 (at the N-terminal end of C3, depicted in Fig. 6 ) increased the infectivity dramatically over that of the WT (TCID 50 ϭ 698,760/ml and 27,940/ml, respectively), this mutation had a much less profound effect on the sensitivity of JR-FL and YU2 to V3 MAbs than glycan mutations at positions 160 and 301: there was either no effect of the N332K mutations on the sensitivity to most V3 MAbs or an increase in sensitivity of only 2-fold (Table  4 ). These data indicate that the glycans at positions 160 and 301 stabilize the highly flexible crown and stem of V3 (roughly between residues 300 and 328), thus affecting the packing of V2 and V3. In contrast, residue N332 is part of the secondary and tertiary structures of the outer domain, contributing to the rather rigid jelly roll structure formed by the residues at the N-and C-terminal V3 base. Therefore, while possibly affecting the global gp120 conformation, this glycan does not significantly affect the space that is potentially accessible for local V3 flexing.
Disruption of the CD4 binding site. Escape mutants have been generated by treating HIV-infected humanized mice and simian-human immunodeficiency virus (SHIV)-infected macaques with MAbs that target the CD4bs (48, 65) . Two mutations that have been identified in these studies occur at residues 280 and 458, positions known to participate in the binding of gp120 to CD4 (65) . To determine how mutations in the CD4bs affect the exposure of V3, mutations at these sites were made in JR-FL and YU2. The results, shown in Fig. 8 , indicate that the N280E (in C2 of JR-FL) and N280Y (in YU2) mutations had minimal effects, increasing the sensitivity to V3 MAbs only marginally. The C4 G458D mutation in JR-FL resulted in a somewhat greater effect on V3 MAb sensitivity, but mutations at none of these sites produced the profound increase in sensitivity to V3 MAbs that were induced by the mutations at the other sites described above. Interestingly, the TCID 50 of the JR-FL 280E mutant was 139,760/ml and that of the G458D mutant was 2,500/ml, whereas that of the WT was 27,940/ml; despite the quite different effects of these mutations on infectivity, the neutralization of these mutants by anti-V3 MAbs was relatively unaffected.
As additional controls, pseudoviruses carrying the C4 mutation N448Q or T450A or the V2 mutation V182Q were constructed. The C4 mutations were chosen because they shield a T cell epitope and were not expected to affect the exposure of V3 (66) , and V182Q was selected because position 182 is an exposed position not involved in any interdomain or quaternary interactions. The sensitivities of the mutants with these mutations to all of the V3 MAbs tested as well as CD4IgG and the control MAb 1418 were unchanged from the sensitivity of the JR-FL WT (data not shown).
DISCUSSION
Several previous studies have identified naturally occurring isoforms of gp120 in HIV variants circulating in vivo that render these viruses extremely susceptible to V3-specific and other Abs (64, (67) (68) (69) (70) (71) . Many sites have also been identified by mu- CTRPYNNTRKGEHMGPGRALFTER-IVGDIRQAYC a The sensitivity or resistance to V3 MAbs upon A204E mutation is shown in Table 1 . JR-FL and Q23.17 were the wild-type virus isolates that became sensitive to V3 MAbs, and QC406.F3 and QA013.H1 were the wild-type virus isolates that remained resistant to V3 MAbs. b Underlined and bold residues are unusual substitutions within the V3 crown.
tating pseudoviruses so that their neutralization sensitivity is increased over that of their parental WT viruses (59, 60, (72) (73) (74) (75) . However, there has been no systematic interrogation of the mechanism(s) by which single amino acid changes in various regions of gp120 render tier 2 viruses more sensitive to neutralization by Abs whose activity is primarily observed with tier 1 viruses. Elucidation of this phenomenon takes on heightened importance, given recent studies showing that V3 Abs exert immune pressure on circulating and transmitted viruses and may play a role in reducing the rate of infection in adults and in infants born to infected mothers (17, 18, 29, 30) . Here, we show that individual mutations in various regions of the envelope trimer result in altered packing of the V3 loop, exposing epitopes on V3 and rendering viruses highly sensitive to V3 Abs. These data provide both structural and functional evidence that V3 exists in the unliganded trimer in a metastable state and that individual mutations in various regions of gp120 result in an activated open conformation in which V3 is fully accessible to the effects of V3 Abs. The trimeric envelope spike on the surface of HIV virions is characterized by structural plasticity even in the absence of bound ligands; thus, the unliganded trimer flickers between closed, intermediate, and open conformations (23, (76) (77) (78) , although the closed ground state is energetically favored (37, 38) . In the closed ground state conformation of the prefusion envelope, many (but not all) of the epitopes targeted by V3-specific Abs are unavailable due to conformational masking (27, 39, 79) . Binding to CD4 results in profound structural changes; stabilizes the activated open configuration, exposing V3; and renders it susceptible to the functional properties of V3 Abs (27, 37, 38, 78) .
Here we identify four major mechanisms that contribute to the packing of V3 into its metastable pocket in the unliganded trimer: (i) quaternary interprotomer interactions, (ii) hydrophobic packing of the core of the bridging sheet that maintains the V1V2 domain in a position necessary for the formation of the V3 binding pocket, (iii) intraprotomer interactions of the V3 crown with adjacent regions of gp120, and (iv) limited flexibility of the V2 region mediated by the presence of selected glycans. Disruption of any one of these interactions by mutation of selected single amino acids leads to dramatic conformational changes resulting in the exposure of the V3 loop and enhanced sensitivity to neutralization by V3 Abs. This may explain why certain residues in gp120 are strictly conserved in order to hold V3 in its gp120 pocket. For example, N301 and A204 are present in Ͼ97% of isolates (80; http://www.hiv.lanl.gov/content/sequence/HIV/mainpage .html). Interestingly, several lab-adapted strains have substitutions of the conserved amino acids at positions shown to expose V3, which may explain the sensitivity of lab-adapted strains to V3 Abs. For example, strain RF has V424, MN has T332 (and no glycan at 334), and HxB2 has no glycan at position 149, consistent with the data presented herein and published by others showing that viruses with mutations from the conserved sequences at these positions have increased sensitivity to V3 and other Abs (81) .
The published data describing the dynamic flexibility of the unliganded ground state of the trimer provide an explanation for the function of Abs directed against V3 which do not neutralize most primary isolates or do so poorly in the standard in vitro neutralization assay (47) . Thus, V3 Abs can eliminate viruses whose trimers readily expose V3 epitopes. As a result, circulating viruses isolated from patients are rarely sensitive to V3 Abs (82, 83) , and the exceptional circulating virus that is V3 Ab sensitive often carries one or more mutations at particular residues that, as shown herein, expose V3 (64, 68, 69) . In addition, V3 Abs can reduce HIV infection by and exert immune pressure on circulating viruses. Recently, Permar et al. (30) showed that the magnitude of the maternal IgG response specific for the V3 loop was predictive of a reduced risk of maternal-to-child transmission. Data from the RV144 clinical vaccine trial also suggested that there was Ab-mediated blockade of viruses possessing I307 in V3, a component of an epitope recognized by vaccine-induced V3 Abs (17, 31-33, 84, 85) . Moreover, prolonging exposure of virus to anti-V3 Abs from 1 h to 24 h results in enhanced effective neutralization (23) , and this finding is consistent with the findings of a study that showed that optimal and maximum exposure of V3 on gp120 after addition of CD4 required Ն24 h (27) . Together, these data suggest that conformationally dynamic envelope structures can result in the exposure of V3 epitopes that are normally occluded in the unliganded ground state of the trimer and that infection-and vaccine-induced V3 Abs block infection and eliminate circulating viruses that are sensitive to V3 Abs.
We note that unliganded HIV-1 Env is intrinsically dynamic, transitioning between three distinct global prefusion conformations that are affected by CD4 and Ab binding (27, 37, 38) . The modeling described herein was performed on the basis of the crystallographic analysis of the SOSIP gp140 trimer bound to the PGT122 MAb (25) , and as such, the model represents only one of the conformations most populated in neutralization-resistant virus isolates. Local disruption of interactions in the closed state may or may not eventually lead to the global shift toward other states. We observed that the infectivity of the mutants in this study, with few exceptions, remained similar to that of the WT, providing some indication that they do not necessarily experience a global shift toward a fully open (and more infectious) trimer conformation but possibly experience a more localized opening around the V3 loop. Future studies probing the mutants with other, non-V3 Abs will help establish how far these conformational changes propagate. In this context, the effects of the glycans at positions 160 and 301 (Fig. 5 to 7 and Table 4 ), as well as mutations in glycan motifs that often appear at other positions, e.g., N136, N156, N160, N197, and N280, contribute to viral resistance to V3-specific and other Abs (67-69, 72, 81, 86, 87) . Crystallographic studies revealed that glycans have a stabilizing role on the gp120 core (87) , and here we describe that the mobility of flexible regions of a glycoprotein is affected by nearby glycans ( Fig. 5 to 7) (27, 37, 38) . However, removal of the glycan at position 160 tended to have less dramatic effects on V3 exposure than changes that affect hydrophobic intra-and interprotomer interactions; this suggests that modification of glycosylation may be a strategy employed by Env to fine-tune exposure of V3 with less dramatic conformational changes as selective pressures change during the course of infection.
It is noteworthy that mutations in the CD4bs had a relatively minor impact on neutralization sensitivity to V3 Abs. In contrast to the effects of the N280E and G458D mutations on CD4 binding, which decreased the neutralizing sensitivity of CD4IgG2 by Ն100-fold, these mutations had only a modest effect on sensitivity to anti-V3 MAbs, not affecting neutralization sensitivity at all or increasing sensitivity by only severalfold (Fig. 8) . This is similar to previous findings, where mutation of residue 384, also part of the CD4bs, resulted in only a 6-to 13-fold increase in sensitivity to Abs in HIV-positive sera (58) . The effects of these CD4bs mutations on residues buried in the CD4bs are likely to have an indirect effect on V3 MAb neutralization rather than a direct effect on the exposure of V3. One possible scenario suggests that with the decreased affinity for CD4, the conformational changes induced by ligation of CD4 to gp120 may be minimized, thus precluding full exposure of V3.
The use of MAbs for immunotherapy presents a different problem for the virus. Under these conditions, all viruses sensitive to the antiviral effects of the administered MAb will be eliminated; however, selection for mutant species will occur. Many of these selected variants have increased sensitivity to V3 Abs, suggesting that the mutants needed for escape from immunotherapy are forced to adopt envelope configurations that are preferentially in a more open configuration and hence more easily neutralized. For example, studies in YU2-infected humanized mice showed that administration of MAb PG16 resulted in a mutation at position 160 (48) . Similarly, nonhuman primates infected with SHIV AD8EO and passively immunized with V3 glycan-specific MAb 10-1074 50 neutralization values (in micrograms per milliliter) are shown for JR-FL and YU2 pseudoviruses carrying glycan mutations. Pseudoviruses were tested with human anti-V3 MAbs. CD4IgG2 was used as a positive neutralization control, and human MAb 1418, specific for parvovirus, was used as a negative control. The TZM.bl cell neutralization assay was performed in triplicate with the JR-FL WT and mutants, and data are shown as the average of all data points from two experiments. The YU2 WT and mutants were tested as previously described (89) . The color coding is described in the legend to Fig. 3 . ND, not done; *, data from Klein et al. (48) . Fig. 3 but with the addition of blue boxes, which denote increased resistance to neutralization by CD4IgG2. ND, not done; *, data from reference 48. selected for escape variants with mutations at position 332 (88) . Mutations at these positions result in increased sensitivity to V3 Abs, as shown herein. Moreover, when YU2-infected humanized mice were passively immunized with MAb 10-1074 and a V3-specific MAb, 1-79, their viral load decreased by 3 orders of magnitude and remained below the limit of detection with no viral escape during 6 weeks of therapy (48) .
In summary, V3 has been shown to exist in a metastable state in which many of its epitopes are occluded by its position in a pocket formed by inter-and intraprotomer interactions with the loop and/or stem of V1V2 (Fig. 1a) . However, single mutations in many regions of gp120 release V3 from this pocket, rendering V3 fully accessible to V3 Ab binding and imparting high sensitivity to the neutralizing activity of V3 Abs. These data, taken together with the structural plasticity of gp120 in its unliganded ground state, indicate that V3 can be transiently exposed on the surface of the intact infectious virion and suggest how V3-specific Abs can exert immune pressure on circulating viruses and influence both the nature of transmitted viruses and the rate of infection.
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